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ABSTRACT 

We present new HST/ WFC3 imaging data of RCSGA 032727-132609, a bright lensed galaxy at 
z= L7 that is magnified and stretched by the lensing cluster RCS2 032727-132623. Using this new 
high-resolution imaging, we modify our previous lens model (which was based on ground-based data) to 
fully understand the lensing geometry, and use it to reconstruct the lensed galaxy in the source plane. 

This giant arc represents a unique opportunity to peer into 100-pc scale structures in a high-redshift 
galaxy. This new source reconstruction will be crucial for a future analysis of the spatially-resolved 
rest-UV and rest-optical spectra of the brightest parts of the arc. 

Subject headings: Galaxies: clusters: individual:RCS2 032727-132623 — Gravitational lensing: strong 


1. INTRODUCTION 

The study of galaxy formation and evolution relies on 
imaging and spectroscopy of high-redshift galaxies. The 
relevant data are typically limited by the surface bright¬ 
ness of these galaxies, and their spatial size only allows 
a measurement of the galaxy as a whole, limiting our 
ability to understand where in the galaxy processes like 
star formation occur. To reach sufficient levels of signal- 
to-noise, studies often stack spectra of many galaxies, 
thus averaging over a population (e.g., Shapley 2003, 
Reddy et al. 2010). The only means to study indi¬ 
vidual high -2 galaxies in detail, at least until the era 
of JWST and 30m-class telescopes, is to analyze lensed 
galaxies whose brightnesses are magnified, and spatial 
sizes are stretched by the gravitational potential of the 
lens, making them suitable for spatially-resolved spec¬ 
troscopy. Such a rare case of a lensed galaxy was re¬ 
cently discovered in the second Red Sequence Cluster 
Survey (RCS2; Gilbank et al. 2011) Giant Arc Survey 
(Bayliss et al., in prep.), as an extremely bright, highly- 
stretched lensed galaxy at z — 1.7, lensed by the cluster 
RCS2 032727-132623. The giant arc, labeled RCSGA 
032727-132609, is ~ 38" long, and has a moderately- 
magnified counter image. In Wuyts et al. (2010) we 
report the discovery of RCSGA 032727-132609, spectral 
confirmation, the measurement and modeling of its spec¬ 
tral energy distribution from ground-based data, and 
a preliminary strong-lensing mass model of the lensing 
cluster. In Rigby et al. (2011; hereafter Rll), we an- 
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alyze a Keck/NIRSPEC spectrum of the brightest part 
of the arc to determine the physical conditions in this 
galaxy. The interpretation of our findings in both pa¬ 
pers relied on a preliminary lens model based on ground- 
based imaging, which did not allow unique identification 
of arc substructure at the level required for a robust lens 
model; this limited our ability to fully understand the 
lensed, highly distorted arc in terms of its source mor¬ 
phology. It also compromises the precision and accuracy 
with which we can determine the average magnification 
of the galaxy, a property crucial for calculating intrin¬ 
sic properties such as the star formation rate. In this 
paper, we use Hubble Space Telescope ( HST) imaging 
with Wide Field Camera 3 (WFC3) to uniquely iden¬ 
tify features in the lensed galaxy. With the dramatic 
improvement in spatial resolution (less then O'/I FWHM 
in the UVTS channel) relative to the ground-based data 
(075 seeing at best, see Wuyts et al. 2010), these data, 
along with newly-discovered additional multiply-lensed 
galaxies, are used to generate a robust lens model of the 
cluster. The observations and data reduction are de¬ 
scribed in § 2. Lensing analysis and derived magnifica¬ 
tions are presented in § 3 and § 4; and in § 5, the physical 
conditions of the source are revisited, based on the new 
lens model. We assume a flat cosmology with Q t \ = 0.7, 
ft m = 0.3, and = 70 km s” 1 Mpc -1 . Magnitudes are 
reported in the AB system. 

2. OBSERVATIONS 

The field of RCS2 032727-132623 was imaged by 
HST/ WFC3 on 2011, March 1 UT, during four orbits, as 
part of GO program 12267 (PI: Rigby). The data were 
acquired using six broad-band filters and one narrow- 
band filter: F390W (total exposure time 1401 s), F606W 
(1003 s), and F814W (2133 s) in the UVTS channel, and 
F098M (1212 s), F125W (862 s), F132N (2212 s), and 
F160W (862 s) in the IR channel. The IR medium/wide 
filters were chosen in order to measure the Balmer break, 
and to subtract the continuum light from the narrow- 
band IR filter, F132N, which samples the H /3 line at 
1.3153^m. The UVIS imaging samples the spatially- 
resolved UV spectral slope. 

The imaging strategy consists of four sub-pixel dither 
positions in each filter to reconstruct the PSF, reject cos- 
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Fig. 1 — Identification of substructure in the five images of the multiply-lensed source RCSGA 032727-132609. The color rendition is 
composed of F160W, F125W, F098M (red); F814W, F606W (green); and F390W (blue), to highlight color gradients in the arc. The dashed 
lines approximately enclose the parts of the arc that compose each image, indicated by numbers. The labels used in Wuyts et al. (2010) 
are also indicated for clarity. We include another color rendition for image 5, composed of the UVIS bands only (F814W, F606W, F390W) 
and different scaling, to better separate image 5 from the BCG. The emission knots in images 1-4 are labeled with letters a through k. The 
BCG is labeled in the renditions of image 5, as are the two cluster galaxies (Gl, G2) that interrupt image 3. Notice that the a-f knots (red 
labels) appear in all of the images (although hard to identify in image 5), while the brightest knot of the source (labeled g) and the “blue” 
arm (h-k; blue labels) only appear in images 3, 4 and 5 (see text for an explanation). In image 3, the lensing perturbation by a cluster 
galaxy results in another instance of some parts of the source, likely the emission knot labeled g. We note that knots c, d, and f in images 
3 and 4 were not used as constraints in the lens modeling, since their positions are not as well-determined as in the other images. The 
very red extension at the end of the “red” arm (labeled r,s,t), and the highly-magnified region labeled u, were also not set as positional 
constraints in the model, but were used to evaluate models by demanding an agreement between model-predicted source morphologies 
derived from the different images. 


mic rays, and compensate for chip-gap. The IR-channel 
exposures were obtained in the SPARS50 read-out se¬ 
quence mode. Individual frames were processed with the 
standard WFC3 calibration pipeline, and combined us¬ 
ing the Multidrizzle routine (Koekemoer et al. 2002) to 
remove cosmic-ray hits and dead or hot pixels, with a 
square kernel, pixfrac=l .0 and scale=INDEF. 

Since the pixel scale and the point spread function 
(PSF) varies between filters, a set of PSF-matched im¬ 
ages was created bv convolving each image with a gaus- 
sian kernel to approximate the PSF of the F160W image, 
which has the broadest PSF. These images were used for 
measurements of magnitudes and colors. For the pur¬ 
pose of detection and identification of multiple images, 
the unconvolved, best-resolution images were used, and 
are shown here. 

3. STRONG LENSING MASS MODEL 

3.1. Identification of Multiply-Imaged Galaxies 

3.1.1. RCSGA 032727-132609 

The source galaxy of RCSGA 032727-132609 is lensed 
into five images, as labeled in Figure 1: three of them are 
merged, forming the giant arc; a fourth image appears as 
the “counter image” 31.5" south of the brightest cluster 
galaxy (BCG); a fifth, demagnified, image is predicted by 
the lens model, and a careful inspection of the HST imag¬ 
ing reveals its presence O'.'6 north of the BCG, partially 
embedded in the BCG light. The ground-based data that 
were used in Wuyts et al. (2010) already indicate the 
existence of substructure in the source galaxy and subse¬ 
quently its lensed images. However, since those data lack 
the needed resolution, we were unable to uniquely match 
features in the different instances of the lensed galaxy 
with each other. Moreover, substructure in the “counter 
image” is not resolved in those data. The new HST data, 
combined with an initial lens model, make the interpreta¬ 
tion of the morphology unambiguous. Figure 1 labels the 


different emission knots in each instance of the multiply- 
lensed galaxy. Notice that not all the parts of the source 
galaxy are represented in all of its lensed instances (see 
§ 3.3). The coordinates of each emission knot were used 
as constraints in computing the lens model. 

3.1.2. Other Background Sources 

Apart from the extraordinary giant arc, several other 
background galaxies appear to be lensed into arcs, and 
are labeled in Figure 2. We use the lens model (§ 3.2) to 
interpret the lensing nature of these secondary arcs, and 
estimate the redshifts of some of them, which are briefly 
discussed here. The redshifts are estimated by using the 
model to predict the possible locations of the secondary 
arcs for different redshifts, and ruling out redshift ranges 
for which the predicted image configuration is not in line 
with the observed one. Where appropriate, we use arc 
identifications from Wuyts et al. (2010) below and label 
them in Figure 2. 

(A) A faint tangential arc appears 2'/5 outwards of the 
East component of the giant arc. Our lensing interpreta¬ 
tion suggests that it is a part of the same source galaxy 
of the giant arc (see § 3.3). Since other interpretations 
are possible, it is not used as constraint in the modeling 
process. 

(S7) A radial arc, detected 11'/5 ESE of the BCG (la¬ 
beled S7a and S7b), with a counter image predicted by 
the model and detected ~ 30" North of the BCG (S7c), 
with a good morphological resemblance, correct parity, 
and colors indistinguishable from those of S7a and S7b. 
Since the identification of all the multiply-lensed images 
of S7 is robust, we include this arc as a constraint in our 
lens modeling below, setting its redshift as a free param¬ 
eter, allowing for it to be solved in the modeling process. 
We note that the lens-model-predicted redshifts of other 
secondary arcs (below) somewhat depend on the best-fit 
redshift of S7, 2.29±g;gf. 

(S6) A merging pair 17'.'5 NNE of the BCG, estimated 










3 



Fig. 2.— HSTf WFC3 image of the core of RCS2 032727-132623. The details of the color rendition are the same as in Figure 1. The 
critical curves of the best-fit model are overplotted in red, and the source-plane caustics are in yellow. The un-lensed size of the source and 
its location in the source plane are indicated by the cyan rectangle close to the center of the cluster. The inset shows a reconstruction of 
the source. The giant arc and additional arc candidates are labeled; we keep the same notation as in Wuyts et al. (2010). 


to be at 2 ~ 2.2. It is not used as a constraint in the 
model. 

(S8) A greenish arc 1977 north of the BCG, estimated to 
be at z > 3.5. The redshift estimate is supported by the 
galaxy colors; in particular, the galaxy emission is only 
detectable in bands redder than F390W. This source is 
also net currently included as a constraint. 

3.2. Lens Model 

A lens model was computed using the publicly- 
available software LENST00L (Julio et al. 2007), using 
Monte Carlo Markov Chain (NICMC) optimization. The 


cluster is represented by a pseudo-isothermal ellipsoid 
mass distribution (PIEMD; Limousin et al. 2005) , pa¬ 
rameterized by its position a;, y; a fiducial velocity dis¬ 
persion <t; a core radius r a scale radius r s ; ellipticity 
e = (a? — b 2 )/(a 2 -f b 2 ) , where a and b are the semi major 
and semi minor axes, respectively; and a position angle 9 . 
All the parameters of the mass distribution are allowed 
to vary within priors. We set a gaussian prior on a based 
on the observed velocity dispersion of the cluster (Wuyts 

7 This profile is formally the same as dual Pseudo Isothermal 
Elliptical Mass Distribution (dPIE, see Elfasddttir et al. 2007). 
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TABLE 1 

Best-fit lens model parameters 


Halo 

(PIEMD) 

RA 

(") 

Dec 

(") 

e 

e 

(deg) 

r’core 

(kpc) 

T'cut 

(kpc) 

00 

(km s -1 ) 

Cluster 

BCG 

Gal 1 

Gal 2 

L* galaxy 

9 90 +O.I 4 
—4.40_ q 20 

0.03 [-0.05 0.05] 
[9.426] 

[8.684] 

-2.031°;^ 

-0.02 [-0.05 0.05] 
[9.306] 

[7.587] 

0 40+^ 
u,w -0.02 

0.19 [0.00 0.30] 

10.54] 

[O. 22 ] 

Q 1+0-5 

J - - 0.4 

153 [0 180] 
[63.3] 
[163.4] 

55+| 

0.5 [0.0 2.0] 
[0.08] 
[0.004] 

[0.15] 

[2000] 

[40] 

6 jl 25] 

3 [1 25] 

30 [0 70] 

1139±}£ 

258+!® 

85 [10 100] 

86 [10 100] 
120 [50 150] 


NOTE. — All coordinates are measured in arcseconds relative to the center of the BCG, at [RA, Dec]=[51.863302, -13.439714]. The 
ellipticity is expressed as e = (a 2 — 6 2 )/(a 2 + 6 2 ). 9 is measured north of West. Error bars correspond to 1 a confidence level as inferred 
from the MCMC optimization. Values in square brackets are for parameters that are not optimized. Errors in square brackets represent the 
lower and upper limits that were set as prior in the optimization process, for parameters that were not well-constrained by the data. The 
location and the ellipticity of the matter clumps associated with the cluster galaxies were kept fixed according to their light distribution. 


et al. 2010). Solving the equations in Eliasdottir et al. 
(2007; Appendix A) for typical cluster values of r CO re 
and r 5 , and the radius in which the velocity dispersion 
was measured, we find that a small scaling of ~ 1% is 
needed in order to convert the observed velocity disper¬ 
sion to the PIEMD cr parameter. Cluster galaxies were 
selected by their V — I color with respect to the cluster 
red sequence in a color-magnitude diagram. We impose 
a magnitude cutoff, and include only galaxies brighter 
than 24 mag in the z-band within 54" from the cluster 
center. This conservative selection guarantees that we 
take into account anv red-sequence galaxy whose lensing 
contribution is large enough to deflect the lensed images 
by an amount comparable to the measurement error (see 
e.g., Julio et al. 2007, Limousin et al. 2010). Each galaxy 
is represented by a PIEMD, with parameters that follow 
the observed properties of the galaxies through scaling 
relations (see Limousin et al. 2007 for description of the 
scaling relations). The free parameters, representative of 
an L* elliptical galaxy, are <r*, which is allowed to vary 
in the range [50, 150] km s -1 , and r* vi which is forced to 
be smaller than 70 kpc, following Limousin et al. (2008). 

The BCG is represented by a PIEMD, with x , y i e, and 
position angle fixed at the observed values, and r^t fixed 
at 40 kpc. Two cluster galaxies (labeled G1 and G2 in 
Figure 1) are superimposed on the western portion of the 
giant arc (see also Wuyts et al. 2010). We include these 
galaxy individually, with x, y, e, and position angle fixed 
at the observed values. Although perturbation from clus¬ 
ter galaxies is an essential component in the model, the 
proximity of the observed arcs to cluster galaxies is not 
small enough to constrain their model parameters, mean¬ 
ing that a large region in the galexy parameter space is 
allowed by the constraints. We therefore report the best- 
fit value, and the range that was set as prior instead of 
a formal uncertainty. 

The best-fit model is found in an iterative manner. We 
start with an optimization in the source plane, allowing 
all the parameters to vary as described above. The re¬ 
sulting best-fit model is used as an initial guess in the 
final modeling process, using image-plane optimization. 
Since the cluster-member parameters are not constrained 
by the observed data, we fix them at <r* = 120 km s -1 , 
and r* ut = 30 kpc. The best-fit model has an image- 
plane RAIS of 0.18". The model parameters, best-fit val¬ 
ues, and their uncertainties or priors, are enumerated in 
Table 1. 


In addition to the emission knots in the giant arc and 
its counter images, we use as constraints the positions 
of the radial arc (S7a, S7b; see S3.1.2) at an unknown 
redshift. An initial lens model predicted a counter im¬ 
age ~ 30" North of the BCG (S7c), which is detected in 
the data with excellent morphological resemblance to the 
model-predicted image. We thus include the three im¬ 
ages of S7 (S7a and S7b, which form a merging-pair radial 
arc, and S7c) as additional constraints. We set a prior on 
the redshift of this source to be larger than 1.7, as its crit¬ 
ical curve, which is tightly constrained by the two arcs 
that form the radial arc, indicates that it is at a higher 
redshift than the primary giant arc. The modeling pro¬ 
cess predicts a redshift of 2.291^05 f° r this source. By 
including the three images of S7 in the model we are able 
to significantly reduce the uncertainty in model parame¬ 
ters, and consequently in the magnifications, from ~ 50% 
to ~ 10%. Detailed simulations, in which we model the 
cluster assuming that the redshift of S7 is known, indi¬ 
cate that securing a spectroscopic redshift for S7 would 
further reduce the magnification uncertainty to the few- 
percent level. This agrees with the results of Julio et 
al. (2007), who tested simulated lens potential parame¬ 
ter degeneracies, and with Miralda-Escude (1995), who 
showed that radial arcs and their counter images pro¬ 
vide a stringent constraint on the profile shape as well 
as the enclosed mass. Thus, while S7 already improves 
the magnification uncertainties by a factor of five (rel¬ 
ative to a model constrained only by the primary giant 
arc and the counter image), measuring a redshift for it is 
an obvious high priority, since it would further improve 
the model uncertainties to < 10%. 

In total, we have 44 constraints and 19 free parameters, 
resulting in an over-constrained model. In the future, 
one might be able to include additional sub-structure in 
the cluster mass distribution, to make the ultimate lens 
model. For now, we choose to not include substructure 
whose existence is not directly motivated by an observed 
counterpart. 

3.3. Source Reconstruction 

The source plane reconstruction is done by ray-tracing 
the pixels in the observed frame through the lensing po¬ 
tential of the best-fit lens model (see Figures 2 and 3). 
In the process we preserve the spatial information by 
allowing de-lensed pixels to have arbitrary shapes and 
sizes. The source reconstruction is used as a tool to un- 
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Fig. 3- — Source reconstruction from each of the magnified images of RCSGA 032727-132609. The source plane caustic is overplotted in 
yellow, and a scale of 1", which corresponds to 8.46 Kpc at the source redshift, is indicated. The tick marks are 5 pixels apart with a pixel 
scale of 0.0396" pixel -1 . The two cluster galaxies that are superimposed on image 3 (Ac) are partially masked with diagonal lines. The 
source was reconstructed by ray-tracing the pixels from each image through deflection maps generated from the best-fit model, conserving 
the spatial resolution by allowing arbitrary pixel size and shape in the source plane. The inset in each panel shows the result of ray-tracing 
an image-plane point-source placed at the position of emission knot b, to illustrate the effective spatial resolution, akin to a beam pattern 
in a radio map. The excellent agreement between the four source reconstructions of the different images validates the model and helps 
interpret the source structure. 


derstand the mapping between the distorted images of 
the multiply-lensed source and the source itself. The 
location of the source galaxy with respect to the source- 
plane caustics determines the geometry, multiplicity and 
parity of each of its lensed images. As in many cases of 
giant arcs, the source galaxy is positioned such that a 
caustic crosses it, resulting in a high magnification. In 
the case of RCSGA 032727-132609, as can be seen in Fig¬ 
ure 2, zhe caustic that corresponds to the NE tangential 
critical curve separates the source into two general parts. 
The part that lies inside the caustic is multiply-imaged 
five times: its instances are images 1, 2, and part of im¬ 
ages 3, 4 and 5. The part of the source that remains 
outside the caustic is multiply-imaged only three times, 
in images 3, 4 and 5, and -‘vanishes” in the merging pair 
images 1 and 2. The bright region that extends to both 
sides of the critical curve between images 1 and 2 is in fact 
mapped to an extremely small area in the source, directly 
inwards to the caustic. This source-plane to image-plane 
mapping may be best understood from Figure 3, which 
shows four separate reconstructions of the source, each 
one from a different lensed image. In Figure 4 (and the 
inset in Figure 1), we merge these four reconstructions, 
by combining the best-resolved segments of the source 
into one frame. Notice that a faint area at the “left” 


edge of the source, which crosses back into the critical 
curve (designated by label A in Figure 4), is also highly 
magnified to form the faint tangential arc labeled as A 
in Figure 2. 

4. MAGNIFICATION 

Figure 5 shows image-plane magnification contours for 
a source at z = 1.702, derived from the best-fit model. 
Due to the extended nature of the source, and its loca¬ 
tion in proximity to the source-plane caustics, the magni¬ 
fication is highly nonuniform along the giant arc, ranging 
from ~ x4 far from the critical curves to hundreds at the 
critical curve. We note that the effect of spatially varying 
magnification must be considered when interpreting mea¬ 
surements of the physical properties of strongly lensed 
galaxies, and can produce erroneous estimates of star 
formation rate if not accounted for (see § 5). For exam¬ 
ple, Blain (1999) demonstrated that differential magni¬ 
fication of strongly lensed sub-mm galaxies can confuse 
measurements of the dust temperatures of those objects. 

To avoid nonlinearity and pixelization issues close to 
the critical curve, we measure the magnification of the 
arc by comparing the observed size of the image with the 
size of the model-reconstructed source. The magnifica¬ 
tion is the ratio of areas. Since some parts are highly 
magnified, it is instructive to measure the magnification 
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Fig. 4.— Rendition of the source reconstruction from the four magnified images into one frame. The emission knots are labeled as in 


Figure 1. 

separately for segments of the giant arc as well as the 
total magnification. 

We estimate the magnification uncertainty through a 
simulation, in which we compute many lens models, in 
each one drawing a set of model parameters from steps 
in the MCMC that are within [Xm in ,Xmi n + 2 1- This 
range encompasses the 1 —a uncertainty in the parameter 
space. We then measure the magnification as described 
above in each model, and report the magnification ac¬ 
cording to the best-fit model, and the range of magnifi¬ 
cations found in the simulation, which is equivalent to a 
1 — a confidence interval. 

We find that the total magnification of the source, mea¬ 
sured as the total area of all of its images devided by the 
area of the model-generated source, is 28.4^7^. The av¬ 
erage magnification across the giant arc is and 

the counter image is magnified by 3.0to!i- The fifth im¬ 
age, close to the BCG, is de-magnified, i.e., it appears 
smaller on the sky than the source would have appeared 
had it not been lensed. Its magnification is 0.38^£x2- 
Breaking the giant arc into its three separate images, we 
find magnifications of 10.4lJ;g, for im¬ 

ages 1, 2, and 3, respectively. Note that images 1 and 2 
do not represent the entire source galaxy, and therefore 
the total magnification of the source is not a simple lin¬ 
ear summation of the magnifications. Figure 6 shows a 
part of the giant arc that was targeted for longslit spec¬ 
troscopy in Rll, and the de-lensed location of the slit 
in the source plane. We find that the portion of the arc 
that is covered by the slit is magnified by 42.2 ± 5.5. 

The simulations used to assess the uncertainties allow 
us to explore the dependence of the magnification on 
model parameters, and degeneracies and correlations be¬ 
tween these parameters. Similar to Julio et al. (2007), we 


find that the strongest correlation between model param¬ 
eters is between r core and a: higher values of r core result 
in higher values of a. The ellipticity is anti-correlated 
with both a and r^re- A similar correlation exists be¬ 
tween these parameters and the source magnification. 
Figure 7 shows the dependence of the total magnifica¬ 
tion on some of the model parameters (other parameters 
show no significant correlations, and are not shown). The 
magnification increases linearly with o and r core , and de¬ 
creases with the cluster ellipticity. Interestingly, we find 
a correlation with the model-predicted redshift of S7, 
meaning that securing the redshift of this arc through 
spectroscopy will reduce the magnification uncertainty. 

5. THE STAR FORMATION RATE 

In Rll we used 1.3 hr of Keck/NIRSPEC spectroscopy 
to determine physical properties of the source, including 
extinction, electron temperature, oxygen abundance,and 
the N/O, Ne/O, and Ar/O abundance ratios. Most of 
these properties are independent of the lensing magnifi¬ 
cation. The exception is the star formation rate (SFR), 
which was measured from the flux divided by the average 
magnification. This average magnification has now been 
better measured from our new lens model, warranting a 
re-examination of the star formation rate measured in 
Rll. Furthermore, the much higher spatial resolution of 
our new lensing map compared to that available to Rll 
enables us to better contextualize their results. 

Figure 6 shows the de-lensed Rll NIRSPEC slit on the 
source plane. The nev r lens model and source reconstruc¬ 
tion shows that the slit targets a very small portion of 
the source galaxy, which is highly magnified due to its 
location close to the caustic. It is therefore not represen¬ 
tative of the galaxy as a whole, but nevertheless provides 
a unique opportunity to probe 100 pc scale areas in the 
galaxy. 
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Fig. 5.— Contours of absolute magnification for a source at z = 1.702, overplotted on an image of the cluster field. The magnification 
varies across the giant arc from x4 at the western portion to > 100 near the critical curves. The magnification range across the counter 
image is 2.8 — 2.95. The uncertainty on the magnification is typically 10% . Magnification values between 0 and 1 (areas enclosed in black 
contours, close to the center of the cluster) mean that images that form there would be de-magnified. 


Wuyts et al. (2010) and Rll measured the star forma¬ 
tion rate for RCSGA 032727-132609 in multiple ways: 
from the broad-band optical photometry; from the 24/xm 
flux; and from the H/3 flux measured by NIRSPEC. 
They reported a discrepancy: the SFR derived from the 
Balmer lines is much higher than inferred from broad¬ 
band photometry or 24 jjm flux. Indeed, the H/3 flux mea¬ 
sured for RCSGA 032727-132609 is eight times higher 
than was measured by Teplitz et al. (2000) for MS 1512- 
cB58. 

Our new lensing model solves this problem. Rll as¬ 
sumed a magnification of 17.2, which was the average 


magnification of the entire giant arc reported by Wuyts 
et al. (2010). Our new lens model shows that the portion 
of the galaxy captured by the NIRSPEC slit has a much 
higher magnification, 42.2 ± 5.5. The SFR inferred from 
H/3 must thus be scaled down, to (1170±60)/ (42.2±5.5) 
= (29 ±8) Mqjt - 1 (not corrected for extinction). This 
new measurement is now consistent with the SFRs in¬ 
ferred from the broadband SED and from the mid-IR. 

6 . SUMMARY AND CONCLUSIONS 

We use new HSTj WFC3 imaging data to construct a 
robust lens model for the lensing cluster RCS2 032727- 
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Fig. 6 .— The NIRSPEC slit from Rigby et al. (2011). The inset shows the raytracing of the slit to the source plane, using our best-fit 
lens model. We find that the part of the arc that is enclosed in the slit has a magnification of 42.2 ± 5.5. 


132623. Using the new lens model, we map out the mag¬ 
nification of the highly-magnified arc RCSGA 032727- 
132609, and construct a de-lensed image of the source 
galaxy. Due to the location of the galaxy in the source 
plane with respect to the lensing caustics, parts of the 
source are multiply-imaged five times, while other parts 
are multiplv-imaged only three times in a merging-pair 
configuration. In particular, we find that the brightest 
parts of the giant arc, which were targeted for rest-frame 
optical spectroscopy by Rll, are lensed images of a small 
region of the source galaxy (~ 10% of the spatial size of 
the galaxy). 

The resolution of the HST data allows us to uniquely 
identify features in the different lensed images of the 
source, and identify additional lensed galaxies. The re¬ 
sultant lens model is superior to the previously published 
lens model (Wuyts et al. 2010) based on ground-based 
data. To quantify this claim, we compare the magnifica¬ 
tion uncertainty between models, a value that is crucial 
for understanding the physical conditions in the source 
galaxy through a measurement of the intrinsic, unlensed, 
luminosity (see Figure 8). Since the ground-based lens 
model was not robust enough to measure the magnifica¬ 
tion of the giant arc directly, we concentrate on the easier 
to measure, less sensitive magnification of its counter im¬ 
age. In the top panel, we plot a histogram of the magni¬ 
fications that were derived from a suit of simulated lens 
models, with parameters drawn from MCMC steps in 


this work. The same is shown in the bottom panel, for 
the model published in Wuyts et al. (2010). The mag¬ 
nifications in each set are divided by the magnifications 
from the best-fit models, to enable the comparison. We 
find that even in the case of the counter image, the mag¬ 
nification uncertainty improves by a factor of four when 
using high-resolution HST data. We emphasize that the 
model presented in Wuyts et al. (2010) is based on wrong 
assumptions about the mapping of the counter images 
to each other; in particular, the brightest emission knot 
marked g in Figure 1 was assumed to have a counter im¬ 
age in images 1 (Aa) and 2 (Ab) of the giant arc, whereas 
we now understand that this is not the case. Thus, the 
magnification that was derived from it was not accurate, 
and the uncertainty was probably under-estimated. 

We use the new model to estimate the average magni¬ 
fication within the Rll NIRSPEC aperture, 42.2 ± 5.5. 
Based on this magnification, we find that the average 
SFR within the aperture is 29 ± 8, significantly lower 
than the value we reported in Rll, a value that was 
estimated under the assumption that the source is uni¬ 
form and the sampled region is representative of the en¬ 
tire source. We remind the reader that this knowingly- 
wrong assumption was the only possible assumption at 
the time, with only a preliminary mass model in hand. 
In Rll, the SFR was estimated by multiplying the flux 
by the luminosity-v:eighted fraction of the galaxy that is 
covered by the slit, and dividing by the average magni- 
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Fig. 7.— Dependence of the total magnification on some of the model parameters, showing strong correlation with some parameters. 
The bottom-right panel shows the distribution of magnifications, derived from a suit of simulated models (see text). 
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Fig. S. — Comparison of the magnification uncertainty between a lens model based on HST data (this work) and a lens model based on 
ground-based data (Wuvts et al. 2010). In each panel, we plot the counter-image magnifications, derived from a suit of simulated lens 
models (see § 4), and divided by the magnification from the best-fit model. The top panel shows the HST-based magnification histogram, 
and the bottom panel shows the ground-based magnification histogram. The width of each histogram represents the uncertainty in the 
magnification of the counter image. We find that the maginfication uncertainty becomes four times smaller in the model based on HST 
data, even in the case of the counter image, whose magnification is less sensitive to the details of the model due to its distance from the 
critical curve. 


fication of the giant arc. This procedure results in an 
effective magnification which is several times too small, 
and implies an extremely high SFR for the entire source. 
In practice, the region sampled by the slit, as illustrated 
in Fig-ire 6, represents only about 10% of the physical 
size of the source; it does not cover the brightest part 
of the source, and is probably not representative of the 
entire galaxy, as we suspected in Rll. The higher value 
of this updated magnification reinforces the usefulness of 


RCSGA 032727-132609 for probing down the luminosity 
function at high redshift, particularly with ALMA. 

The results shown in this paper allow the precise map¬ 
ping of the knots in the arc to the source plane for the 
first time. This work enables many other investigations. 
In an upcoming paper we will analyze spectra on a knot- 
by-knot basis, to study the degree to which physical 
conditions vary across the arc. We also intend to use 
the high-resolution HST imaging presented in this pa- 
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per to map on a pixel-by-pixel basis the spectral energy 
distribution, star formation rate, and extinction of the 
source, which we defer to a future paper. Further spec¬ 
troscopy should provide secure redshifts for one or more 
of the secondary arcs, which will reduce the uncertainty 
in model parameters and the magnification to the few- 
percent level, making RCSGA 032727-132609 one of the 
best understood lensed high -z galaxies. 
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